The present work deals with the development of a biodegradable superabsorbent hydrogel, based on cellulose derivatives, for the optimization of water resources in agriculture, horticulture and, more in general, for instilling a wiser and savvier approach to water consumption. The sorption capability of the proposed hydrogel was firstly assessed, with specific regard to two variables that might play a key role in the soil environment, that is, ionic strength and pH. Moreover, a preliminary evaluation of the hydrogel potential as water reservoir in agriculture was performed by using the hydrogel in experimental greenhouses, for the cultivation of tomatoes. The soil-water retention curve, in the presence of different hydrogel amounts, was also analysed. The preliminary results showed that the material allowed an efficient storage and sustained release of water to the soil and the plant roots. Although further investigations should be performed to completely characterize the interaction between the hydrogel and the soil, such findings suggest that the envisaged use of the hydrogel on a large scale might have a revolutionary impact on the optimization of water resources management in agriculture.
Introduction
Superabsorbent hydrogels are a particular class of macromolecular gels, obtained by chemical stabilization of hydrophilic polymers in a three-dimensional network, in which the dispersed phase is water, present in substantial quantity. Currently, superabsorbent hydrogels are widely used as absorbent core for hygiene products (such as baby diapers), and this attractive business has motivated the interest of multinational companies toward the development of new technologies, with focus on both the "chemical definition" and the production processes of these materials [1] [2] [3] [4] [5] .
However, most of the superabsorbents that are currently on the market are acrylate-based products; hence, they are not biodegradable and, most importantly, some concerns exist about their toxicity for use in agriculture or for any applications related to human consumption. As a result, the renewed attention of institutions and public opinion towards the Environment has led manufacturers of hydrogel-based products to consider the development of biodegradable superabsorbents [6] [7] [8] [9] [10] [11] [12] [13] .
Sannino and coworkers developed and patented a novel class of cellulose-based polyelectrolyte hydrogels, totally biodegradable and biocompatible, whose swelling capability can be modulated by adjusting several synthesis parameters [14] [15] [16] [17] [18] [19] [20] . Such hydrogels may thus absorb up to 1 litre of water or aqueous solutions per gram of dry material. The material can be produced in the dry state either in powder form or as a bulk with a well-defined shape (in this regard, it is worth noting that the material displays a strong memory of its shape after swelling). Additionally, the hydrogel can be loaded with small molecules, for example, nutrients, to be released in a controlled manner, depending on swelling-deswelling transitions [13] .
The aim of this study was to investigate the potential of cellulose-based hydrogels, crosslinked by means of a watersoluble carbodiimide, as a system for the sustained release of water (and nutrients) to plant roots, for agriculture and horticulture in arid and desert areas. The biocompatibility of this class of hydrogels had been previously confirmed [17, 18] and suggested their possible application in agriculture. The hydrogel is envisaged to be produced in form of powder, possibly charged with nutrients and/or plants pharmaceuticals, and mixed to the soil in proximity of the plant roots. When the cultivation is watered (by either irrigation or rain), the hydrogel absorbs and retains the water, thus avoiding a rapid water loss due to evaporation and drainage. As the soil dries, the hydrogel releases the stored water in a sustained manner through a diffusion mechanism, keeping the soil or the substrate humid over quite long periods of time. A further advantage in mixing the hydrogel with the soil is that hydrogel granules (which in the dry form have almost the same dimensions of the substrate granules) increase their size after swelling, thus increasing soil porosity and providing a better oxygenation to the plant roots, as schematized in Figure 1 . In this study, polyelectrolyte cellulose-based hydrogels were synthesized and tested for swelling capability in different environmental conditions (i.e., different values of ionic strength and pH of the external solution), which might significantly affect the hydrogel swelling and deswelling occurring in the soil. The application of the hydrogel for the cultivation of "cherry tomatoes, " typical of Southern Italy, was also investigated in a pilot study.
Materials and Methods

Hydrogel Synthesis.
Carboxymethylcellulose sodium salt (CMCNa) and hydroxyethylcellulose (HEC) were used as precursors for the hydrogel synthesis. In particular, CMCNa (Blanose 7HOF, with MW 7 × 10 5 Da, DS = 0.7, viscosity 1000-2800 cp (1%, 25 ∘ C)) and HEC (Natrosol 250 HR, with MW 10 6 Da, MS = 2.5, viscosity 1500-2500 cp (1%, 25 ∘ C)), both for food and pharmaceutical applications, were purchased from Eigenmann and Veronelli, Milano, Italy. The crosslinking agent used was 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (WSC) (Sigma-Aldrich, Milano, Italy). Three different hydrogel formulations were synthesized (Table 1) , by varying the total cellulose concentration in the starting polymer solution (3, 4, and 5 wt%). The amount of the crosslinking agent (2.5 wt%) and the CMCNa/HEC weight ratio (3/1) were kept constant, based on the results obtained in previous works [14] [15] [16] [17] [18] [19] [20] .
A mixture of CMCNa and HEC was first dissolved in distilled water by stirring at room temperature until a clear solution was obtained. First, HEC was easily dispersed, after which CMCNa was added. CMCNa dissolution was slow at the concentration adopted, requiring about 24 hours. Once the cellulose solution was obtained, an aqueous solution of citric acid (1% w/v) was added as a catalyst. The carbodiimide was finally added and allowed to dissolve and distribute homogeneously throughout the solution. The crosslinking reaction occurred in a few hours at room temperature, leading to the formation of a yellowish hydrogel. To remove the unreacted chemicals, the partially swollen hydrogel samples were then soaked in a large amount of distilled water until equilibrium was attained. At this stage, the hydrogel samples were perfectly clear and transparent. After the washing stage, dry products were obtained by desiccating the hydrogel samples by means of a thermal treatment in a convection oven at 45 ∘ C. Powder-like samples were finally obtained by grinding. The final powder size distribution was in the range 0.1-1 mm.
Swelling Measurements.
The hydrogel swelling capability was firstly assessed in distilled water. Both equilibrium and kinetic measurements were performed, as the water holding capacity and the sorption rate of the hydrogel are both important for the envisaged application in agriculture. The equilibrium swelling capability was measured by carefully weighing the samples before and after immersion in distilled water for about 24 hours. A tea bag was employed to easily manipulate hydrogel samples after swelling. The swelling ratio (SR) was defined as follows:
where is the weight of the swollen hydrogel and is the weight of the dried sample. The hydrogel sorption rate was then assessed by monitoring the weight gain of the samples after their immersion in distilled water for different time lengths (5, 10, 15, 20, 25, 30, 60 , 120, and 180 minutes) and expressed as SR variations. Equilibrium swelling studies at different ionic strength were also performed, by preparing four water solutions of NaCl at concentrations of 10 −3 , 10 −2 , 10 −1 , and 1 M. The dry samples were weighed and immersed in the aqueous solution until equilibrium attainment. The same procedure was adopted for the analysis of the swelling capacity at different pH (in the range of pH values 2-10). In this case, a proper amount of NaCl was added to the buffer solutions used, in order to obtain the same value of ionic strength (0.04 M).
All of the swelling measurements, both in distilled water and in water solutions, were carried out at room temperature using an electronic microbalance (Sartorius) with an accuracy of ±10 −5 g. Reported values of water uptakes for each different hydrogel composition were averaged over five measurements.
Pilot Study on the Application of the Hydrogel in Agriculture.
With the aim of further exploring the possible application of the hydrogel as water reservoir in agriculture and horticulture, its direct effect on the cultivation of a "cherry tomato, " specialty from the south of Italy was assessed in experimental greenhouses. Dry hydrogel powder of type "B, " which had been selected based on the results obtained from the swelling analyses, was mixed to the soil (red soil) in the area closed to the plant roots. Different amounts of the hydrogel were added to the soil, up to concentrations equal to 0.2%, 0.5%, and 1% (wt%) of the soil. The soil without the amendment of the hydrogel was used as a control. The soil was then watered and its humidity content (expressed as % volume) was constantly monitored through a custom-made sensor, already described in the literature [21, 22] , which exploits the hydrogel itself as a highly sensitive detection system. Such a sensor, able to measure the humidity conditions of the hydrogel in the soil, is particularly useful to determine the optimal time point at which it is necessary to irrigate the soil.
The effect of different hydrogel amounts (0.5%, 1%, and 2%) on the soil water retention curve was also investigated, by means of a custom design pressure plate apparatus [23] .
Results and Discussion
Swelling Measurements.
The equilibrium swelling tests in distilled water showed that sample B (4 wt% cellulose) displayed higher swelling ratios when compared with samples A (3 wt% cellulose) and C (5 wt% cellulose) (Figure 2 ). Cellulose concentration in the precursor solution was thus found to significantly affect the hydrogel sorption properties, with the highest sorption capability attained at an intermediate value of cellulose concentration. This particular behaviour could be explained by considering the role played by two competitive mechanisms. On one side, high polymer concentrations in the starting solution (e.g., 5 wt%) cause the formation of a high number of physical entanglements, which, after chemical crosslinking, act as further crosslinking points, thus reducing the hydrogel swelling capability. On the other, low polymer concentrations (e.g., 3 wt%) reduce the efficacy of the crosslinking reaction, due to a low concentration of reactive sites in solution, which leads to loosely crosslinked networks with poor sorption capacity. This was likely why optimal swelling capability was displayed by sample B, which had been obtained from a precursor solution with an intermediate value of cellulose concentration. Hydrogel B was thus selected for further analyses. The kinetic swelling measurements in distilled water showed a fast uptake for all the hydrogel formulations ( Figure 3) . After 30 minutes, all the samples almost reached the equilibrium values of swelling ratio. Indeed a stable "plateau" region could be observed in the time frame between 30 and 180 minutes. A slight increase of the swelling ratio could be detected for sample B only, although the swelling ratio attained at 30 minutes was very close to the average equilibrium value (Figure 2) . A time length of 30 minutes was thus considered as a reasonable and acceptable duration for complete hydrogel swelling, when applying the hydrogel in agriculture.
The effect of the ionic strength of the external solution on the equilibrium sorption properties of the hydrogels is shown in Figure 4 . As expected, all of the samples tested were found to be particularly sensitive to ionic strength variations, due to the presence of the polyelectrolyte CMCNa in the polymer network, which is known to lead to the establishment of "Donnan type" equilibrium between the gel and the surrounding solution. Obviously, for each sample, increasing the ionic strength of the external solution decreased the difference between the concentration of ion species in the gel and in the external solution and, as a result, the water uptake. The effect of ionic strength was particularly evident for sample B, which, however, displayed the highest swelling capability even at high ionic strength values (e.g., 0.1 M). With regard to the hydrogel sensitivity to pH variations, an increase of the swelling ratio could be observed when increasing the pH of the external solution ( Figure 5 ). This was related to the dissociation of the carboxylic groups present on CMCNa chains, which clearly depends upon the pH of the surrounding environment. As the pH of the external solution decreases, the number of negative charges tethered to the polymer backbone diminishes, since H + ions will be associated to the carboxylic groups brought by CMCNa. This reduces the ionic "Donnan type" contribution to the hydrogel equilibrium swelling capacity, thus resulting in lower swelling ratios. The supply of H + ions from the dissociated groups on the backbone is, however, limited. This suggests that, at a certain high value of the pH, all the carboxylic groups will be dissociated, giving rise to a fully charged network and thus leading to a maximum value of swelling capability.
Pilot Study and Preliminary
Observations. The use of the hydrogel as water reservoir in the cultivation of a "cherry tomato" (i.e. a small rounded tomato) in experimental greenhouses ( Figure 6 ) was found to be extremely advantageous for the sustained release of water to the soil and to the plant roots.
The water content in the soil, monitored over several days after initial irrigation, was indeed significantly affected by the presence of the hydrogel, with higher water contents detected at selected time points, when increasing the hydrogel concentration ( Figure 7) .
It is particularly interesting to note that, after the addition of small hydrogel amounts (up to a maximum of 1%), the time length through which the soil remained humid almost triplicated, with respect to the soil devoid of hydrogel. Moreover, the initial humidity, right after watering, was substantially higher for the soil where the hydrogel had been added, thus confirming its water reservoir or storage capability. Indeed, the relatively fast swelling of the hydrogel powder allows the irrigated water to be efficiently retained in the soil, instead of being naturally lost by means of evaporation and/or drainage. It is worth mentioning that the evaporation of water depends upon the climate conditions. However, the evaporation from a macromolecular hydrogel is significantly slower than the evaporation of free water from a soil exposed to atmosphere, due to the macromolecular network hindrance and the interaction between water and polymer molecules. As the humidity content in the surrounding soil decreases, the absorbed water is then slowly released by the hydrogel, through a diffusion driven mechanism.
International Journal of Polymer Science The controlled and sustained release of water allows plants to survive for several days without the need of further irrigations. In particular, the tomato plants cultivated in this study were found to wither when the soil humidity reached values in the range 10-20% (or lower). Such values were attained in about 9 days when only 0.2% of hydrogel was added to the soil. Conversely, a much longer plant survival time, equal to 22 days, was achieved when 1% hydrogel was used (Figure 7 ). In the long run, if envisaging an efficient and large scale use of the proposed hydrogel in agriculture, the hydrogel-based sensor developed to monitor that the soil humidity might be integrated also with a specific computer software, able to activate an automatic irrigation system as the humidity content in the hydrogel (and soil) reaches a critical low level.
In order to confirm the water reservoir role of the hydrogel suggested by the above reported results, additional measurements of the suction potential of the soil were performed. As expected, the hydrogel-amended soil displayed a higher water retention capability compared to the hydrogelfree control, and the water storage was significantly increased as higher hydrogel amounts were used (Figure 8 ). Although further investigations should be performed to assess the hydrogel degradation chemistry and kinetics in the soil, as well as to evaluate the optimal hydrogel amount to be used for the cultivation of different plant species, the preliminary results of this pilot study show promise for the possible use of cellulose-based hydrogels, crosslinked by means of carbodiimide, as water reservoir in agriculture. With regard to the hydrogel degradation, analyses that are currently in progress seem to suggest that the hydrogel degradation occurs over a period of approximately 6 months, without significantly altering the soil chemistry.
Conclusions
In this work, polyelectrolyte cellulose-based hydrogels obtained from cellulose derivatives of pharmaceutical grade were investigated as potential water reservoir in agriculture. Several formulations were prepared, differing for the cellulose concentration in the precursor solution, using a watersoluble carbodiimide as a nontoxic crosslinker. The swelling capability was tested in different environmental conditions, that is, ionic strength and pH, which might significantly affect the envisaged application in the soil. Based on the swelling data, a specific hydrogel formulation (the one obtained for a cellulose concentration equal to 4%) was chosen for further analyses, as it displayed the highest water holding capacity. Being a polyelectrolyte, the selected hydrogel was also sensitive to ionic strength and pH variations, though the swelling capability was quite high in all the different conditions tested. A pilot study focused on the cultivation of tomatoes with hydrogel-amended soil demonstrated that the hydrogel could significantly increase the water retention capability of the soil, as well as allowing the sustained release of water to the plants for a prolonged time, without additional watering needed. A deeper analysis of the hydrogel degradation and its effect on the soil properties should be addressed in future investigations. However, the preliminary results of this study suggest that the proposed hydrogel might be a powerful means for optimizing water management in agriculture, which is particularly critical in areas where water scarcity is a severe problem.
